A solution to the /i problem in the supersymmetric unparticle physics 
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Recently, conceptually new physics beyond the Standard Model has been proposed by Georgi, where a 
new physics sector becomes conformal and provides "unparticle" which couples to the Standard Model sec- 
tor through higher dimensional operators in low energy effective theory. Among several possibilities, we focus 
on operators involving the (scalar) unparticle, Higgs and the gauge bosons. Once the Higgs develops the vacuum 
expectation value (VEV), the conformal symmetry is broken and as a result, the mixing between the unparticle 
and the Higgs boson emerges. In this paper, we consider the unparticle as a hidden sector of supersymmetry 
(SUSY) breaking, and give some phenomenological consequences of this scenario. The result shows that there 
is a possibility for the unparticle as a hidden sector in SUSY breaking sector, and can provide a solution to the 

problem in SUSY models. 



INTRODUCTION 

In spite of the success of the Standard Model (SM) in de- 
scribing all the existing experimental data, the Higgs boson, 
which is responsible for the electroweak symmetry breaking, 
has not yet been directly observed, and is one of the main tar- 
gets at the CERN Large Hadron Collider (LHC). At the LHC, 
the main production process of Higgs boson is through gluon 
fusion, and if Higgs boson is light, say rrih ^150 GeV, the 
primary discovery mode is through its decay into two photons. 
In the SM, these processes occur only at the loop level and 
Higgs boson couples with gluons and photons very weakly. 

A certain class of new physics models includes a scalar field 
which is singlet under the SM gauge group. In general, such a 
scalar field can mix with the Higgs boson and also can directly 
couple with gluons and photons through higher dimensional 
operators with a cutoff in effective low energy theory. Even if 
the cutoff scale is very high, say, 100-1000 TeV, the couplings 
with gluons and photons can be comparable to or even larger 
than those of the Higgs boson induced only at the loop level in 
the SM. This fact implies that if such a new physics exists, it 
potentially has an impact on Higgs boson phenomenology at 
the LHC. In other words, such a new physics may be observed 
together with the discovery of Higgs boson. 

As one of such models, in this letter, we investigate a new 
physics recently proposed by Georgi [JJ, which is described in 
terms of "unparticle" provided by a hidden conformal sector 
in low energy effective theory. A concrete example of unpar- 
ticle staff was proposed by Banks-Zaks [2] many years ago, 
where providing a suitable number of massless fermions, the- 
ory reaches a non-trivial infrared fixed points and a conformal 
theory can be realized at a low energy. Various phenomeno- 
logical considerations on the unparticle physics have been de- 
veloped in the literature It has been found that inclusion 
of the mass term for the unparticle plays an important role es- 
pecially in studying about the Higgs-unparticle systems isfc, 
indeed we have studied the unparticle physics focusing on the 
Higgs phenomenology including the effects of the conformal 
symmetry breaking |6], and there are some other studies on 
the Higgs phenomenology in the literature of the unparticle 



physics ff]. Inclusion of such effects of the conformal sym- 
metry breaking or the infrared (IR) cutoff is also considered in 
the literature of hadron collider physics [8], and in the model 
of colored unparticles |9]. There has also been studied on the 
astrophysical and cosmological applications of the unparticle 
physics 1 10], especially, we have proposed a possibility for 
the unparticle dark matter scenario 11 1(1 . And there are some 
studies on the more formal aspects of the unparticle physics 
II12II and its effects to the Hawking radiation 1 13]. 

Now we begin with a review of the basic structure of the 
unparticle physics. First, we introduce a coupling between 
the new physics operator (Ouv) with dimension c?uv and the 
Standard Model one (Osm) with dimension n. 



C = 



CuvC'sM, 



(1) 



where c„ is a dimension-less constant, and M is the energy 
scale characterizing the new physics. This new physics sector 
is assumed to become conformal at a energy An, and the op- 
erator Ouv flows to the unparticle operator U with dimension 
du- In low energy effective theory, we have the operator of 
the form. 



l^OsM — 



1 



7UO: 



SM, 



(2) 



where the dimension of the unparticle U have been matched 
by Au which is induced the dimensional transmutation, and 
A is the (effective) cutoff scale of low energy effective theory. 
In this paper, we consider only the scalar unparticle. 

It was found in Ref. f]^ that, by exploiting scale invariance 
of the unparticle, the phase space for an unparticle operator 
with the scale dimension du and momentum p is the same as 
the phase space for du invisible massless particles. 



d<fuip) ^ Ad,eip")e{p')ipY"- 



d^p 

(2^)4 



where 



167r2 



(2^)2<i" T{du - l)r(2d;,) 



(3) 



(4) 



Also, based on the argument on the scale invariance, the 
(scalar) propagator for the unparticle was suggested to be fstl 



,-i(dM-2)7i 



(5) 



Because of its unusual mass dimension, unparticle wave func- 
tion behaves as ^ (p2-j((iu-i)/2 ^jjj jj^g ^^^g scalar unparti- 
cle). 



UNPARTICLE AND THE HIGGS SECTOR 

First, we begin with a brief review of our previous work 
on the Higgs phenomenology in the unparticle physics |6]. 
Among several possibilities, we will focus on the operators 
which include the unparticle and the Higgs sector. 



L = 



1 



(6) 

where H is the Standard Model Higgs doublet and 
Osm{H^ H) is the Standard Model operator as a function of 
the gauge invariant bi-linear of the Higgs doublet. Once the 
Higgs doublet develops the VEV, the tadpole term for the un- 
particle operator is induced, 



1 



(7) 



and the conformal symmetry in the new physics sector is bro- 
ken (?]. Here, A^"''" = (e'sM)/A'^"+"-'* is the conformal 
symmetry breaking scale. At the same time, we have the inter- 
action terms between the unparticle and the physical Standard 
Model Higgs boson (h) such as (up to 0(1) coefficients) 



^W-Hig 



A: 



'i-du 



+ 



V 

. 4-2d„ 



\i-du 



■Uh' 



A 



4-2d„ 



U'^h^ + • • • , (8) 



V 



where v = 246 Ge V is the Higgs VEV. In order not to cause a 
drastic change or instability in the Higgs potential, the scale of 
the conformal symmetry breaking should naturally be smaller 
than the Higgs VEV, A,^ < v. When we define the 'mass' 
of the unparticle as a coefficient of the second derivative of 
the Lagrangian with respect to the unparticle, U, then the 
mass of the unparticle can be obtained in the following form, 

— _ ^-du 



As operators between the unparticle and the Standard 
Model sector, we consider 



(9) 



where we took into account of the two possible relative signs 
of the coefficients, Ag = ±1 and = ±1. We will see that 
these operators are the most important ones relevant to the 
Higgs phenomenology. 



As discussed before, once the Higgs doublet develops the 
VEV, the conformal symmetry is broken in the new physics 
sector, providing the tadpole term in Eq. (Q. Once such a tad- 
pole term is induced, the unparticle will subsequently develop 
the VEV lltl whose order is naturally the same as the scale 
of the conformal symmetry breaking. 



du 



(10) 



Here we have introduced a numerical factor c, which can be 
c = 0(0.1) — 0{1), depending on the naturalness criteria. 
Through this conformal symmetry breaking, parameters in the 
model are severely constrained by the current precision mea- 
surements. We follow the discussion in Ref. . From Eq. (|9|l, 
the VEV of the unparticle leads to the modification of the pho- 
ton kinetic term. 



C 



1 ± 



P FA"' 



(11) 



which can be interpreted as a threshold correction in the gauge 
coupling evolution across the scale (U) ^Z'^" . The evolution of 
the fine structure constant from zero energy to the Z-pole is 
consistent with the Standard Model prediction, and the largest 
uncertainty arises from the fine structure constant measured at 
the Z-pole iQ, 

a-\Mz) = 127.918 ±0.019. 

This uncertainty (in the MS scheme) can be converted to the 
constraint. 



< 1.4 X 10""*. 



(12) 



This provides a lower bound on the effective cutoff scale. For 



du ^ 1 and A^ 



V we find 

A > c X 1000 TeV, 



This is a very severe constraint on the scale of new physics, 
for example, A > 100 TeV for c > 0.1. 



SUPERSYMMETIC UNPARTICLE 

A supersymmetic extension of the original unparticle 
physics has been proposed by [,15] . We begin by reviewing 
the scenario of the supersymmetic unparticle and give some- 
thing more details. 

The unparticle which has originally been introduced as a 
sort of scalar operator is now extended to be a chiral multi- 
plet in order to fit with the supersymmetic theory. Explicitly 
speaking, it is written as 



U=U + V2eM'' 



(13) 



Here, a is a spinor index, and we write the same notation for 
the scalar component of the unparticle chiral multiplet as the 



2 



chiral multiplet itself. Then the interaction or the superpoten- 
tial between the unparticle and the MSSM sector is, in general, 
given in the same way as the non-supersymmetic unparticle: 



1 



yY<iM+n— 3 



^Cmssm + hA 



(14) 



SUSY QCD as a natural candidate of the unparticle 

The most promising example of the SUSY unparticle is 
given by the SUSY QCD based on SU (Nc) gauge symmetry 
with Nf flavors 116,1 . which is a natural SUSY extension of 
the Banks-Zaks model A- This correspondence has already 
been noted in the literature lH]. We take ^N^ < Nf < 3iVc 
so that the unparticle SUSY QCD is in the conformal win- 
dow. We denote the chiral superfields for the Nf flavors by 
Qi and Qj = 1 . . . Nf). Qi transforms as a fundamen- 
tal representation of SU {Nc) and Qj transforms as an anti- 
fundamental representation. In general, SUSY QCD in the 
conformal window (fA^c < Nf < 3Nc) flows to a strongly 
coupled conformal fixed point in the infrared (IR). At the fixed 
point the theory has a dual description (Seiberg dual) with a 
gauge group SU{Nf — Nc), Nf dual-quark superfields (Q, 
Q), a gauge singlet meson superfield Mij (transforming in the 
bifundamental representation of the SU{Nf) x SU{Nf) fla- 
vor symmetry, and the superpotential is given by 



W = 



(15) 



The meson superfield Mij in the dual description corresponds 
to the gauge invariant composite QQ of the original theory. 
In regards to the unparticle physics, SUSY QCD allows us to 
determine some parameters in an explicit way. The confor- 
mal dimension of the meson superfield Mij is fixed by the 
i?— symmetry: 



duv — dhj — 3 



Nc-Nf 



N 



f 



(16) 



It has to be noted that 1 < duv < 2 in the conformal window 

(|A^c <Nf< 3iVe). 



A solution to the /x problem 

Now, we can go to the discussion of the unparticle physics 
in the Higgs sector. Providing a coupling with Higgs sector for 
the unparticle with non-vanishing VEV can provide a natural 
solution to the /i problem in the MSSM exactly the same way 
as in the Next to minimal supersymmetric Standard Model 
(NMSSM). Given the following superpotential for the unpar- 
ticle in connection with the Higgs sector: 



(17) 



Here, the /i term is generated when the unparticle develops the 
VEV, 



A* 



(18) 



This provide a viable and interesting solution to the /i prob- 
lem in the MSSM since the origin of the VEV of unparticle is 
related to the conformal symmetry breaking and the scale of 
it could be as much as higher than the weak scale in contrast 
to the NMSSM cases. 

Interesting point in our scenario of unparticle physics as a 
source of fj, term is that the overall scale of a supersymmetric 
mass parameter /i is determined by the scale of the conformal 
symmetry breaking and the dimension of the unparticle oper- 
ator, du. For instance, if we take fc^ ~ C(l) and A = 10 TeV 
in order for obtaining /i ~ 100 GeV, the required value of the 
unparticle F-term is of order, \/Fij ^ 1 TeV for dy = 1 and 

1 /3 

Fjj' ~ 10 TeV for d^ ~ 2, which are relatively low com- 
pared to the case of usual gravity mediation since the cutoff 
scale in this case becomes Planck scale. 

On the other hand, generating a sizable term is a on the 
same footing problem as the /i problem in the MSSM. In our 
scenario, in which the /i term is generated via the conformal 
symmetry breaking VEV of the unparticle, the term can 
be written in the following manner: 

C = kg [ d*e -I-U^UHuHd + h.c. 



B -k l^'^l 



(19) 



Natural electroweak symmetry breaking requires the scale of 



Bn term of order, 



^. This is indeed true in our scenario 



of unparticle physics as a source of both fi and terms if 
k^ ^ ks- It is always the case in minimal supergravity with 
additional singlet, which is used to generate /i term, as in the 
Giudice-Masiero mechanism. 



SUMMARY 

In conclusion, we have considered the unparticle physics 
focusing on the Higgs phenomenology. Considering the in- 
teractions between the unparticle and Higgs boson, unparticle 
can acquires the VEV, whose mass scale is determined as a 
consequence of the conformal symmetry breaking. The result 
shows that there is a possibility for the unparticle as a hidden 
sector in SUSY breaking sector, and can provide a solution to 
the jjL problem in SUSY models. 
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